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A B S T R A C T

The growing public health burden of Aedes mosquito-borne diseases requires a comprehensive understanding of 
Aedes species biology, ecology, and vector competence. Eco-epidemiological modelling of Aedes vector species 
has grown significantly in recent years, driven by the increasing reports of outbreaks in endemic and non- 
endemic temperate areas, as well as the latitudinal and altitudinal range expansion of these vectors. A promi
nent example is the Asian tiger mosquito, Aedes albopictus, a competent arbovirus vector that has spread across 
most continents through the movement of humans and goods. Species distribution models and mechanistic 
models have been used to predict the spatio-temporal distribution and dynamics of this vector. However, despite 
the potential of these models to capture the vector distribution and dynamics, integrating them into practical 
monitoring, surveillance, and vector control activities remains challenging, often due to a lack of communication 
and model co-development between scientists and public health stakeholders. This paper reports the results of a 
workshop on vector modelling held in Bologna (Italy) in September 2024, which brought together European 
experts in disease modelling, public health stakeholders, and medical entomologists. The workshop identified 
key priorities for advancing the operational use of Aedes-focused quantitative models, including sustained in
vestment in surveillance, improved representation of environmental and biological drivers, standardisation of 
model outputs, and the establishment of long-term, co-produced modelling frameworks embedded within public 
health workflows.

1. Introduction

Some mosquito species belonging to the Aedes genus, especially 
Aedes aegypti and Aedes albopictus, are responsible for the transmission of 
several arboviral diseases, such as yellow fever (Amraoui et al., 2016; 
Clements and Harbach, 2017; Johnson et al., 2002), dengue (Rezza, 
2012; Souza-Neto et al., 2019), chikungunya (Lounibos and Kramer, 
2016), mayaro (Brustolin et al., 2024; Souza-Neto et al., 2019) and Zika 
(McKenzie et al., 2019; Souza-Neto et al., 2019). The global expansion of 
these species has been facilitated by a combination of traits (Lounibos 
and Kramer, 2016), including egg resistance to desiccation and cold 
conditions (Kramer et al., 2020; Kreß et al., 2017, 2016), adaptation to 
urban environments, and anthropophilic feeding behaviour, which 
together increase their public health impact (Farooq et al., 2025). While 
Ae. aegypti is still predominantly confined to tropical and subtropical 
regions (European Centre for Disease Prevention and Control, 2023), Ae. 
albopictus has spread to every continent except Antarctica and is rec
ognised as one of the world’s most invasive species (Ahmed et al., 2022; 
Lowe et al., 2004; Roiz et al., 2024).

Recent outbreaks of Aedes-borne diseases in non-endemic regions 
have been largely driven by increased global travel and trade, which 
facilitate the movement of both mosquitoes and infected humans over 
long distances (Lim et al., 2023). Aedes albopictus has also demonstrated 
the ability to expand its latitudinal and altitudinal range, and extend its 
seasonal biting period in temperate countries (Battistin et al., 2024; 
Romiti et al., 2022). These trends are likely to be exacerbated by recent 
climate change and increasing thermal adaptations (Battistin et al., 
2024; Farooq et al., 2025; Garrido Zornoza et al., 2024; Kramer et al., 
2023, 2021; Marini et al., 2020; Radici et al., 2025; Thomas et al., 2012; 
Tippelt et al., 2020). Therefore, its introduction, in conjunction with the 
expansions of habitats in thermally suitable areas, poses new epidemi
ological challenges by increasing the risk of autochthonous transmission 
of arboviruses in previously unaffected regions (Ryan et al., 2019). For 
instance, large chikungunya and dengue outbreaks occurred in different 
regions of Italy and France over the last decade, causing hundreds of 
cases (Cattaneo et al., 2025; Manica et al., 2023; Sacco et al., 2024).

Even in countries where Aedes-borne diseases are endemic, the 
public health burden has risen substantially: Bangladesh experienced its 
most severe dengue outbreak so far in 2023, resulting in 1,700 deaths, 
while in 2024, a record-breaking global dengue outbreak caused over 13 
million suspected cases and more than 8,000 deaths, mostly in Latin 
America (Hasan et al., 2025; Venkatesan, 2024). This growing burden 
underscores the need for improved surveillance and predictive tools to 
anticipate and mitigate the spread of Aedes mosquitoes and the diseases 
they transmit. Recent advances in vector modelling can help anticipate 
mosquito distribution, population dynamics, and seasonal patterns, 

providing critical insights for disease transmission and public health 
interventions.

A broad range of modelling approaches is available. Species distri
bution models, also called environmental niche models or habitat suit
ability models, use statistical associations between mosquito occurrence 
data (presence-absence, presence-only, or abundance) and environ
mental variables to map the areas likely to support the species and, 
hence, be potentially at risk of disease transmission (Kraemer et al., 
2016; Rogers, 2006). Conversely, mechanistic models explicitly incor
porate the biological and ecological processes underlying mosquito 
development and mortality across life stages, often implemented 
through differential equations to simulate population dynamics and 
disease transmission potential under varying climatic conditions 
(Guzzetta et al., 2016; Marini et al., 2017, 2019b; Poletti et al., 2011; 
Reuss et al., 2018; San Miguel et al., 2024; Wieser et al., 2019). These 
models require detailed life-history parameters, usually obtained from 
laboratory experiments or estimated from intensive field monitoring 
data. Both approaches have advantages and limitations, and both have 
been extensively applied to assess the potential impact of future envi
ronmental changes, such as climate change (Caminade et al., 2019; 
Cunze et al., 2016; Farooq et al., 2023; Fischer et al., 2011; Garrido 
Zornoza et al., 2024; Marini et al., 2019a; Tjaden et al., 2018).

However, even though some models have anticipated the spread of 
vector-borne diseases in temperate regions (Caminade et al., 2012; 
Cunze et al., 2016; Fischer et al., 2011; Schaffner et al., 2013), they often 
fall short in supporting real-world vector control programmes. Many 
models remain strictly academic and underutilised in public health 
practice, partly because they are developed by researchers in a top-down 
process and then offered to field practitioners and public health stake
holders with little or no co-development. Incorporation of public health 
stakeholders’ practical perspectives regarding the spatio-temporal scales 
or operational constraints of public health interventions is thus missing 
(Braks et al., 2013; Leach and Scoones, 2013; Purse and Golding, 2015; 
Sedda et al., 2014). This disconnect can hinder the uptake of model 
outputs in operational decision-making, ultimately undermining the 
value of the modelling effort.

Here, we advocate for a bottom-up approach to Aedes-vector 
modelling that promotes early and sustained collaboration between 
modellers, entomologists, and public health professionals (Sedda et al., 
2025). By building a shared conceptual framework and a common 
"operational taxonomy" of model terms, assumptions, and intended 
applications, we aim to bridge the gap between academic research and 
public health practice and to foster the co-development of modelling 
tools designed to predict the vector’s spatio-temporal distribution and 
dynamics. Similar bottom-up approaches have successfully been used to 
co-develop dengue early warning systems, climate services, and 
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vector-borne disease models, bringing together researchers from diverse 
disciplines (e.g., entomologists, parasitologists, biologists, geo-spatial 
specialists, statisticians, and modellers) with stakeholders from the 
public health sector (Stewart-Ibarra et al., 2019; Stewart-Ibarra et al., 
2022).

To advance this goal, we convened a multidisciplinary expert 
workshop in Bologna, Italy, on 19–20 September 2024. The meeting 
brought together experts from the modelling community, medical 
entomology, and public health services to develop recommendations for 
increasing the relevance, interpretability, and practical application of 
predictive models in field settings. Through structured discussions and 
scenario-based analyses, participants identified actionable priorities for 
integrating modelling into public health strategies; the analysis pre
sented in this paper is based on thematic synthesis of rapporteur sum
maries from those group discussions. Emphasis was placed on mutual 
learning and co-framing, highlighting how surveillance data can inform 
models and how models, in turn, can improve risk assessment and 
support timely vector and disease control measures.

2. Methods

The first “Climate-Sensitive Vector Dynamics Modelling Workshop”1

was organised around the key phases of mosquito monitoring, surveil
lance, and disease prevention, with sessions explicitly structured to align 
quantitative modelling outputs with operational needs. A central 
objective was to improve the accessibility and interpretability of 
modelling frameworks for public health authorities (PHAs), who rely on 
predictive tools for risk assessment and intervention planning but may 
lack specialised training in modelling.

The workshop convened 45 participants from 13 countries, pre
dominantly within Europe, with additional representation from the 
United States of America (Fig. SM1). Participants were affiliated with a 
broad range of institutions, including universities (n = 23), research 
institutes (n = 14), and regional, national, and international PHAs (n =
8). The group reflected a balanced disciplinary composition across 
modelling, medical entomology, and public health practice, and 
included 21 women and 24 men. A key characteristic of the group, 
relevant for interpreting the workshop outcomes, was that all partici
pants were based in the non-native range of Ae. albopictus. Nevertheless, 
many participants maintain active collaborations with stakeholders in 
endemic countries where both Ae. aegypti and Ae. albopictus serve as 
primary disease vectors.

As a result, the discussions focused heavily on surveillance and risk 
prediction within Europe’s temperate and Mediterranean climates. In 
these regions, the establishment and ongoing spread of Ae. albopictus has 
shifted the epidemiological situation from sporadic, imported cases of 
Aedes-borne disease to a substantial increase of the likelihood of gen
eration of local transmission starting from imported cases (Cattaneo 
et al., 2025; Menegale et al., 2025).

The two-day workshop opened with a series of oral presentations 
covering the state of the art in modelling Ae. albopictus' temporal dy
namics and geographic distribution. On the second day, participants 
were assigned to five mixed discussion groups of 8–10 people each to 
reflect on and discuss the material presented previously. The group 
dimension and composition was deliberately designed to ensure disci
plinary balance and promote integrative dialogue, with each group 
including representatives from epidemiological and ecological model
ling, medical and field entomology, and public health practice. Efforts 
were also made to ensure diversity in institutional affiliations, profes
sional seniority, and gender representation. Within each discussion 
group, a designated rapporteur documented the main arguments, areas 
of agreement and disagreement, and emerging recommendations. Rap
porteurs’ summaries were subsequently compiled and reviewed in a 

plenary session to identify cross-cutting themes and areas of divergence. 
These summaries constituted the primary qualitative dataset used to 
inform the structure and content of this study.

Discussions in each group were guided by a structured set of thematic 
prompts designed to elicit perspectives on the challenges and opportu
nities for integrating predictive modelling into operational vector sur
veillance. The prompts covered eight themes: 

1. feasibility of early warning systems for Ae. albopictus (Box 1);
2. key lessons learned from modelling and field experience;
3. data requirements, availability, and quality;
4. model definitions and terminology;
5. environmental complexity, including urban microclimates and 

climate-change adaptations;
6. standardisation and utility of diverse model outputs;
7. opportunities and barriers to data sharing;
8. willingness to contribute models or data to shared repositories.

The full list of questions is provided in Supplementary Table SM1.
A thematic content analysis was conducted on the collected sum

maries following a structured deductive–inductive approach. Predefined 
discussion themes, corresponding to the guiding prompts, served as the 
initial content coding framework. Each rapporteur’s summary was 
reviewed and coded against these themes, and the coded material was 
synthesised across groups. The analytical approach was inspired by well- 
established principles of thematic analysis (Braun and Clarke, 2006; 
Nowell et al., 2017), adapted to the exploratory and applied nature of a 
multidisciplinary workshop. The analysis aimed to identify cross-cutting 
issues, recurrent operational challenges, and areas of consensus rather 
than to generate a comprehensive qualitative typology. Coding was 
conducted independently by the lead author (FR) and subsequently 
consolidated by the last author (DDR) to ensure interpretative consis
tency. A summary table linking the overarching themes to the workshop 
questions is provided in Supplementary Table SM2. Given the nature 
and purpose of the workshop, the analysis reflects structured expert 
opinion rather than systematic qualitative saturation; however, the 
combination of guided prompts and cross-disciplinary participation 
provides a robust basis for identifying operational priorities.

3. Results and discussion

Participants consistently emphasised the critical importance of pre
dictive modelling for Ae. albopictus, identifying it as one of the most 
urgent and complex challenges facing vector-borne disease prevention 
and preparedness in Europe. This perceived importance was driven by 
three main operational needs repeatedly highlighted across discussion 
groups: (i) the difficulty of anticipating seasonal population build-up 
under increasingly variable climatic conditions; (ii) the need to allo
cate limited surveillance and manage resources more efficiently; and 
(iii) the growing expectation that PHAs provide timely, evidence-based 
risk assessments despite sparse, heterogeneous, or unevenly distributed 
entomological data.

Addressing these challenges was widely viewed as requiring a 
genuinely multidisciplinary and cross-sectoral approach, integrating 
ecological modelling, vector ecology, climate science, epidemiology, 
and public health decision making and operations. This perspective 
aligns with the World Health Organisation’s call for “strengthening basic 
and applied research, including predictive modelling, to improve vector 
control strategies and responses” (World Health Organization, 2017). 
Since the workshop participants represented institutions ranging from 
municipal vector control units and regional public health services to 
national surveillance agencies, mosquito biology laboratories, and aca
demic modelling groups, these results reflected the diversity of actors 
involved in risk assessment and early warning across operational scales. 
This diversity informed a shared recognition that effective modelling 
must bridge not only disciplinary boundaries, but also the practical 1 https://www.vectormodelling.com/Bologna2024/
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constraints, decision-making processes, and timelines faced by public 
health stakeholders.

Through structured group discussions and thematic synthesis, seven 
cross-cutting domains emerged, capturing areas of broad consensus on 
current gaps, priorities, and opportunities for improving predictive 
modelling and its integration into routine surveillance and vector con
trol workflows; these are presented in Sections 3.1 through 3.7.

3.1. Early warning needs and modelling use cases for public health

A central focus of the workshop was to define the types of predictions 
PHAs need to guide vector surveillance and intervention operations 
effectively. Participants stressed that PHAs primarily seek timely, 
location-specific information on when to start monitoring, how to 
schedule and spatially prioritise interventions, and when to conclude 
seasonal operations. Current practice in many municipalities, particu
larly in Italy, relies on broad seasonal cues and historical data (Da Re 
et al., 2024; Regione Emilia-Romagna, 2011). Models that predict the 
timing and magnitude of mosquito seasonality (onset, peaks, and offset) 
at sub-national spatial scale and sub-monthly temporal resolutions were 
considered valuable tools for refining and localising public health stra
tegies (Box 1, Fig. 1).

Participants also explored whether models could help forecast the 
lag between egg detection and the onset of adult biting activity, a feature 
that could help PHAs to better time their intervention campaigns. Such 
predictions must account for interannual variability and climatological 
extremes, which modulate mosquito development and activity. For 
example, modelling studies on the potential introduction and estab
lishment of Ae. albopictus in Belgium, a country currently located at the 
northernmost limit of the species European range, identified 2020 as 
particularly favourable for establishment (Da Re et al., 2025b).

From an operational point of view, forecasting lead time was a major 
concern. PHAs indicated that they need at least two weeks’ notice to 
mobilise field teams and resources. In the Emilia-Romagna region of 
northern Italy, authorities typically plan to begin vector control in
terventions in April (calendar weeks 16–18; Carrieri et al., 2023; Da Re 
et al., 2024), seeking forecasts that can guide the timing and frequency 
of larviciding or source reduction campaigns, especially during key 

windows of mosquito activity.
A practical example was shared by one of the workshop participants, 

highlighting the use of an effective degree-day model developed to 
support early-season surveillance and focal control interventions of Ae. 
albopictus in the Netherlands. This correlative, easy to parametrise, 
model has proven valuable in identifying the timing of larval develop
ment onset and guiding local mosquito intervention strategies in areas 
where the species is currently spreading (Healy et al., 2019), enabling 
the Netherlands Food and Consumer Product Safety Authority (NVWA) 
to better plan surveillance and eradication campaigns. This example 
illustrates a broader point emphasised by one group during the work
shop: “it’s not just about publishing a model, it’s about showing its value in 
real-world decision-making” (Leach and Scoones, 2013). In this sense, a 
practical case study performed in Spain, showed how ecological factors 
shaped mosquito population dynamics in urban environments, a critical 
step for developing effective management strategies against 
mosquito-borne diseases (Ferraguti et al., 2023). In collaboration with 
researchers from the Centro de Investigación Biomédica en Red (CIBER) 
and the Agència de Salut Pública de Barcelona (ASPB), a Spanish team 
analysed the effects of urban water infrastructure, climate conditions, 
and local management practices on mosquito occurrence in Barcelona 
(Ferraguti et al., 2023). Predictive models were constructed to map 
species distribution, revealing, for instance, that sandbox scuppers 
harboured mosquito larvae more frequently than siphonic or endless 
scuppers. Although larvicidal treatments effectively reduced larval 
populations, recolonisation typically occurred within 10–25 days. These 
findings directly informed a programme led by the ASPB to convert 
sandboxes into direct scuppers, highlighting the practical public health 
implications of the research (Ferraguti et al., 2023).

More broadly, the participants reiterated that model selection must 
be driven by the specific public health question rather than by disci
plinary preference or data availability alone. Correlative approaches, 
including statistical and machine-learning models (Box 1), were seen as 
particularly well-suited for short-term, operational forecasting, where 
timely predictions of abundance, biting pressure, or imminent seasonal 
shifts are required to support resource allocation and intervention 
planning (Pennisi et al., 2026). In contrast, mechanistic models (Box 1
and Fig. 1) were considered more appropriate for strategic, long-term 
applications, such as exploring climate-change impacts, evaluating 
alternative and optimising data collection (Fesce et al., 2023), surveil
lance strategies, and the assessment of vector control interventions ef
ficacy under different intervention scenarios (Fesce et al., 2025; Marini 
et al., 2019b). Modelling was also recognised as a valuable tool to 
communicate with the public about when and why specific intervention 
measures are implemented. In this sense, it was viewed not merely as a 
technical activity but as a tool for governance, planning, and public 
engagement.

Several participants noted that such models are already in practical 
use. For example, tools such as arbocartoR2, which features an intuitive 
graphical user interface, have been applied retrospectively to quantify 
the effectiveness of vector control interventions, examining whether 
interventions altered indicators such as the duration of the biting season 
or the timing and magnitude of population peaks.

Despite these encouraging examples, the systematic integration of 
model outputs into routine public health decision-making remains 
limited, particularly in non-endemic settings. Most tools have been 
evaluated in research or retrospective contexts, and evidence of their 
prospective use by PHAs to directly inform operational decisions is still 
scarce. Even in countries already invaded by Ae. albopictus, where active 
monitoring programs are in place and model outputs may already be 
available, their incorporation into national plans remains limited. 
Although such integration could help tailor monitoring activities to 
environmental heterogeneity, this potential is often hindered by 

Box 1 
Model operational taxonomy.

Concept Definition

Model A model is a simplified quantitative representation of a system 
or phenomenon, developed to describe, explain, or predict 
outcomes. It uses mathematical or statistical methods to relate 
inputs to outputs and can range from purely data-driven 
formulations to process-based representations grounded in 
underlying mechanisms.

Mechanistic 
model

A mechanistic model represents a system, such as the dynamics 
of a mosquito population during the breeding season, by 
explicitly describing the underlying processes that generate the 
observed patterns. It uses biologically or physically meaningful 
parameters, which, in this case, may be temperature- 
dependent, and equations that represent different mosquito life 
stages to capture causal mechanisms.

Correlative 
model

A correlative model describes statistical associations between 
variables without assuming or explicitly specifying the 
processes that generate them. It identifies patterns, predictors, 
and relationships in the data but does not attempt to represent 
the causal mechanisms underlying those patterns.

Early warning A forecasting tool or framework designed to provide 
information in advance about e.g. likely increases in mosquito 
abundance, biting pressure, or arboviral transmission risk. Early 
warning systems may integrate statistical, mechanistic, or 
hybrid models with real-time surveillance data and 
environmental predictors. Their primary purpose is 
operational: to support timely decisions on resource allocation, 
intensified surveillance, and (preventive) vector control 
measures. 2 https://www.arbocarto.fr/en/arbocartor
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insufficient dialogue among modellers, decision-makers, and PHAs. 
Fig. 1 outlines the decision-relevant questions that models should ulti
mately be able to address in non-endemic settings, from predicting 
seasonal phenology to evaluating the effectiveness of control activities, 
and can serve as a practical benchmark against which the operational 
readiness of existing tools should be assessed. A possible example is 
provided by the results of an ensemble model developed from ovitraps 
data collected nationwide in Italy and neighbouring countries (Da Re 
et al., 2025c). Outputs like the estimated local duration of vector activity 
in weeks, could help tailor vector monitoring and control activities to 
specific locations and periods of the year, thereby improving the effi
ciency of interventions, optimising the allocation of resources, and 
identifying areas where monitoring effort may be insufficient or exces
sive. The same modelling framework has been used to develop, in 
co-production with the Emilia-Romagna Region (Italy) PHAs, a regional 
passive surveillance system to estimate the weekly mosquito egg-laying 
activity in support of the standard Ae. albopictus surveillance (Blaha 
et al., 2026).

Importantly, participants emphasised that models should be assessed 
not only by technical accuracy but also by their added value over 
existing heuristics. If simple rules of thumb, such as assuming environ
mental conditions will mirror those of the previous year, perform 
equally well, the justification for using complex modelling approaches 
weakens. This aligns with Boden and McKendrick’s ethical principles for 
delivering model-based evidence to public health stakeholders, indi
cating the importance of demonstrating benefits or added value of model 
outputs over existing information used to guide interventions (Boden 
and McKendrick, 2017).

Several discussions also addressed ethical and governance consid
erations. There was strong support for the co-production of modelling 
tools with PHAs, local communities, and other stakeholders to enhance 
trust, usability, and impact. Participants called for transparent delivery 
systems, adaptability to institutional turnover, and ethical frameworks 
guiding the use of predictive models by policymakers. Resources such as 
the “Model-Based Policymaking” framework (Boden and McKendrick, 
2017) and recent literature on the co-production process in the One 
Health context (Asaaga et al., 2022; Purse et al., 2020) were cited as 
useful guidelines.

3.2. Perceived need for collaboration on shared purpose

The workshop underscored a broadly shared perception that, across 
the European countries represented, modelling, data generation and 
surveillance, and public health decision-making remain insufficiently 
connected. As one participant noted, this workshop felt like “the first 
time, in my working experience, in which modellers, data contributors, and 
decision makers came together and worked as a community.” Across all 
discussion groups, there was a clear call to move beyond isolated tech
nical efforts towards a systems-thinking approach grounded in mutual 
learning and iterative co-design. Such a shift was seen as essential for 
producing models that are mathematically sound, biologically inter
pretable, and operationally usable. However, the effective development 
and application of integrated models are often constrained by institu
tional fragmentation. In many European settings, vector modellers, 
entomological surveillance staff, and PHAs operate within separate 
funding streams, institutions and administrative levels, with limited 
coordination, thus hinder the outcome-based and co-production 
approach needed to align model outputs with decision-making needs.

A recurrent message across discussion groups was that effective 
modelling can only emerge when PHAs articulate clear operational 
questions, rather than when models are developed in isolation and later 
“pushed” toward decision makers. Participants stressed that priority- 
setting must originate with the agencies responsible for surveillance, 
outbreak preparedness, and resource allocation. Only once these priority 
questions are defined (e.g., Where should traps be deployed? When should 
intensified surveillance begin? Which areas face the highest seasonal risk?; 
Fig. 1), can modelling and data-collection strategies be meaningfully 
aligned. This reflects broader arguments in the public health modelling 
literature that emphasise the dialogue, rather than a one-way flow of 
information from modellers to decision makers responsible for vector 
control interventions (e.g., Leach and Scoones, 2013).

Within this broader need for co-produced objectives, participants 
noted that the absence of a standardised framework for collecting, 
reporting and analysing vector abundance and seasonal dynamics con
tinues to limit the capacity to translate model outputs into operational 
guidance. Formalising collaboration between modellers, surveillance 
teams, and vector control operators within national vector plans was 
viewed as essential to overcome this barrier. A key first step in co- 
producing models for Public Health policy making is triangulating 

Fig. 1. Decision-relevant questions for modelling Aedes albopictus in non-native regions, and the corresponding modelling approaches and data needs. The flow 
diagram (left) summarises how modelling questions (Q) vary depending on detection status of the vector and the presence of a surveillance system. The right-hand 
table maps each question to the suitable model types and the required data sources.
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diverse operational priorities and knowledge across different actors in 
the wider public health stakeholder landscape, determining the specific 
questions related to their decision making that models can address, and 
the surveillance and data needed as inputs (Fig. 1, Leach and Scoones, 
2013; Purse et al. 2020). Moreover, we recognise substantial heteroge
neity across the wider public health stakeholder landscape with respect 
to the acceptance, development, and knowledge of modelling. Such 
heterogeneity will include jurisdictional and generational differences in 
training and exposure to modelling, which in turn lead to varying levels 
of understanding of modelling approaches and their perceived utility 
(Box. 1). This warrants explicit acknowledgement and constitutes an 
additional challenge for modellers, who should invest in the compe
tencies and participatory methods required to engage public health 
stakeholders effectively throughout the modelling process.

A concrete illustration of how structured, risk-based decision 
frameworks can improve vector management comes from Italy’s Na
tional Plan for Surveillance and Response to Arboviruses (PNA 
2020–20253). Although not directly derived from modelling, for the 
West Nile virus the plan classifies provinces (see NUTS-3 administrative 
units, i.e. sub-national regions defined by Eurostat, typically corre
sponding to provinces or comparable territorial divisions) into high, 
low, or minimal risk categories based on epidemiological evidence and 
ecological information from the previous seasons.

Participants suggested that applying similar principles to Aedes sur
veillance, integrating multidisciplinary data into a unified national 
framework, would support the selection of appropriate trap locations, 
refine temporal windows for surveillance, and ensure that resources are 
allocated where and when they have the greatest impact. In Italy, the 
PNA 2020–2025 includes provisions for the surveillance of Aedes-borne 
diseases, with a primary focus on immediate case reporting, timely 
epidemiological monitoring of human cases, risk communication, 
training of PHAs, and public awareness campaigns. However, moni
toring of Ae. albopictus, while recommended, is not mandatory.

3.3. Need for a centralised operational platform

Across all discussion groups, participants strongly supported the 
creation of a centralised and sustained operational platform to host 
vector models, surveillance data, documentation, training materials, 
and real-world use cases at multiple spatial and operational scales. Both 
modellers and PHAs recognised this need, albeit for different reasons: 
modellers emphasised transparency, model comparison, and reproduc
ibility, while PHAs highlighted the importance of accessible, interpret
able tools to inform operational decisions under tight timelines. As one 
medical entomologist noted, “We need a place where modellers, field staff, 
and health officials can all contribute and access what they need; it should be 
a living infrastructure.”

Participants stressed that such a platform should go beyond static 
data aggregation, and function instead as a dynamic environment for 
model validation, interdisciplinary collaboration, and long-term tech
nical support, ensuring continuity across projects and institutions. 
Several groups emphasised the need for dual-format outputs: simplified, 
public-facing visualisations to support awareness and communication, 
and detailed technical dashboards providing weekly risk maps and 
quantitative thresholds to guide public health decision-making. This 
dual approach was considered essential for ensuring that models are 
scientifically robust and practically usable. “We need to prove the value of 
modelling with real, demonstrable use cases,” one group stated, noting that 
these demonstrations should highlight not only successes but also fail
ures, as documenting where models underperform is as critical for 
refinement as showcasing their achievements in designing national or 
regional intervention plans.

Public-facing visualisations were also seen as essential for public 

education and awareness. From the perspective of health authorities, 
such interfaces can be used in communication campaigns aimed at 
informing citizens about the risks associated with Aedes-borne diseases 
and, more broadly, promoting good practices to prevent mosquito in
festations during high-risk periods in high-risk areas.

The VEClim4 initiative was frequently cited as a promising proto
type. The platform currently hosts dynamical models assessing climatic 
suitability and seasonal risk for Ae. albopictus and phlebotomine sand 
flies (Erguler et al., 2024). Planned developments include integrating a 
broader suite of modelling tools, implementing ensemble approaches, 
and providing an interactive web interface that allows users to explore 
short- and long-term predictions, adjust key parameters, and run alter
native forecasting scenarios. Another interesting initiative is the plat
form BayByeMos5, developed by the University of Bayreuth (Germany) 
and providing West Nile virus risk assessment for Germany at NUTS3 
regions based on the mechanistic model developed by Mbaoma et al. 
(2024).

These features were seen as valuable for both operational planning 
and for public communication, for instance by illustrating expected 
seasonal peaks and encouraging private-garden interventions in areas 
with limited municipal coverage.

Participants also mentioned complementary initiatives such as the 
IDAlert6, e4warning7 and CLIMOS8 projects, all aiming to develop 
forecasting systems and integrated platforms to improve Europe’s 
resilience to climate-sensitive infectious diseases. These examples rein
forced the view that a centralised, well-maintained platform for vector 
modelling is both feasible and increasingly necessary.

Despite broad enthusiasm for a centralised platform, participants 
stressed that long-term sustainability remains a major unresolved chal
lenge. Many existing tools originate from fixed-term research projects, 
but maintaining an operational platform requires ongoing activities 
(routine model updates, integration of new data streams, server main
tenance, bug fixing, interface improvements) that are fundamentally IT 
and service-oriented tasks rather than research outputs. These activities 
fall outside traditional academic mandates and funding structures. 
Without dedicated, recurrent funding and clear institutional ownership, 
even well-designed platforms risk becoming outdated or non-functional 
after the project cycle ends. Sustainable implementation therefore re
quires identifying organisations (national PHAs, EU-level bodies like the 
Copernicus Health Hub9, or dedicated operational centres) willing and 
able to assume long-term responsibility for platform maintenance, 
governance, and user support. The absence of such a structure was 
considered a key barrier to making these systems genuinely operational 
rather than remaining prototypes or proof-of-concept tools.

To address these challenges, participants highlighted the need for 
hybrid governance and funding arrangements that combine scientific 
oversight with operational stewardship. Several options were proposed: 
i) embedding platform maintenance within national or regional PHAs 
that already manage long-term surveillance infrastructures (such as 
health reporting systems) and could integrate model updates into 
existing workflows; ii) establishing European-level coordination 
through bodies such as the European Centre for Disease Prevention and 
Control (ECDC), the European Food Safety Authority (EFSA) or a con
sortium of national institutes to provide shared governance, stable 
funding, and centralised technical support; iii) forming public–aca
demic-private partnership in which universities or research institutes 
drive methodological innovation, while operational private partners 
host, maintain, and update the platform. Participants agreed that 

3 https://www.salute.gov.it/imgs/C_17_pubblicazioni_2947_allegato.pdf

4 https://veclim.com
5 https://www.bayceer.uni-bayreuth.de/BayByeMos/riskmaps/wnv/
6 https://idalertproject.eu/
7 https://www.e4warning.eu/
8 https://climos-project.eu/
9 https://health.hub.copernicus.eu/
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whichever option is chosen, clear institutional ownership, recurrent 
funding, and defined maintenance responsibilities are essential to pre
vent operational decay and ensure the platform remains reliable, up to 
date, and genuinely usable for public health decision-making.

3.4. Communication: the need for an operational taxonomy

Beyond the technical aspects of model development, participants 
emphasised the need for clearer and more consistent language when 
discussing predictive modelling for Ae. albopictus. The workshop 
underscored the absence of a shared “operational taxonomy” (Box 1), 
with several participants remarking that “we don’t even have a common 
definition of what the output of a predictive model is.” This lack of common 
terminology complicates communication between modellers, surveil
lance teams, and public health stakeholders.

These challenges reflect deeper differences in how various commu
nities and scientific disciplines conceptualise models. A key reason for 
this conceptual ambiguity is that different modelling approaches serve 
fundamentally different purposes. For example, mechanistic models are 
typically built around explicit biological processes and allow the 
exploration of alternative scenarios, whereas correlative approaches 
identify statistical relationships that are often perceived as better suited 
for rapid forecasting (Box 1). Both approaches have legitimate and 
complementary roles, but without shared definitions and indicators of 
performance, it becomes difficult for stakeholders to assess what evi
dence a model can, or cannot, provide, or at which stage of surveillance 
and interventions a particular approach is most appropriate.

From an operational perspective, these modelling approaches cannot 
be collapsed into a single definition without obscuring important dif
ferences in assumptions, outputs, and intended use. Participants there
fore agreed on the need to develop a shared operational taxonomy that 
clearly articulates the types of models available, the questions they can 
address, the data they require, and the assumptions underpinning them. 
Such a framework could draw heavily from established precedents in 
ecology and Species Distribution Modelling literature, where similar 
classification challenges have been extensively debated (Araújo et al., 
2019; Sillero et al., 2021; Zurell et al., 2020).

In practical terms, such a taxonomy would help classify models ac
cording to: 

1. The decision context they are designed to inform (e.g., early warn
ing, resource allocation, strategic planning);

2. The type of evidence they produce (e.g., forecasts, scenarios, risk 
maps, uncertainty ranges);

3. The data requirements and limitations: identify when a model is 
being pushed beyond its "knowledge base." This occurs in both 
modelling approaches: correlative models may lack occurrence data 
for extreme climates, while mechanistic models may lack life-history 
trait data for temperatures outside of laboratory-tested ranges, as 
well as for other abiotic factors such as water availability. In both 
cases, if the environmental gradients are not fully covered by the 
input data, the resulting predictions in undersampled areas are based 
on extrapolation rather than evidence. Highlighting these data gaps 
is essential for users to recognise when predictions in undersampled 
areas or at the edges of the species’ geographic range are based on 
mathematical assumptions rather than empirical evidence;

4. The degree of interpretability for public health stakeholders.

Such a taxonomy would improve communication across disciplines, 
promote transparency, and help ensure that models are interpreted and 
used appropriately within operational workflows. Box 1 represents a 
first step toward articulating this shared terminology, offering a pre
liminary framework to support dialogue between modellers and public 
health stakeholders. Together with Fig. 1, which outlines how different 
model types align with surveillance and decision-making needs, these 
elements aim to provide initial guidance for building a more coherent, 

standardised, and operationally relevant modelling vocabulary.

3.5. Spatial scale mismatch and local relevance

Participants emphasised that PHAs require operationally relevant 
lead times (1–4 weeks), neighbourhood-scale spatial resolution, and at 
least weekly temporal granularity to guide interventions such as trig
gering larvicide campaigns, prioritising hotspot inspections, or planning 
door-to-door control interventions. In contrast, many existing models 
operate at coarser spatial and temporal scales.

Biogeographical models often rely on multi-decadal climatic aver
ages and coarse environmental grids (commonly 1 km² or larger). While 
appropriate for broad-scale analyses, these coarse scales limit utility for 
decisions depending on short-term fluctuations and local microclimates. 
Furthermore, the reliance on data aggregated at coarse administrative 
levels introduces significant technical bias; the use of centroid-based 
inputs from large spatial units can distort environmental values and 
artificially inflate predicted ranges, a phenomenon that degrades model 
performance regardless of the underlying environmental grain size 
(Cheng et al., 2021). Consequently, transitioning to finer resolutions is 
not merely a matter of detail, but a necessity for ensuring the empirical 
validity of models that depend on short-term fluctuations, local envi
ronmental conditions, and topographically complex areas (Malle et al., 
2025).

This disparity underscores the need for locally validated, small-area 
models that reflect the heterogeneity driving mosquito dynamics, 
including microclimatic variation, fine-scale hydrology (e.g., rainfall 
effects on aquatic stages), vegetation structure (adult resting sites), and 
socio-environmental conditions. Participants noted that such models 
could be nested within broader regional or national frameworks, 
achieving methodological consistency while retaining local 
interpretability.

3.6. Over-reliance on coarse climate predictors

Participants noted that many current models rely heavily on mac
roclimatic variables, often derived from coarse-resolution climate grids 
or multi-decadal averages, which limits their ability to capture the 
environmental heterogeneity that shapes mosquito dynamics in urban 
settings. While temperature and precipitation remain essential compo
nents, they are insufficient on their own for forecasting fine-scale pat
terns or informing targeted interventions.

A recurring point was the need to incorporate urban-specific drivers 
that strongly modulate Ae. albopictus abundance, including irrigation 
practices, container availability, land use, vegetation structure, micro
climatic conditions, and human behaviour. Several participants high
lighted the value of emerging high-resolution environmental datasets, 
such as the downscaled Land Surface Temperature products from the 
European Space Agency Climate Change Initiative (CCI) EO4UrbanCli
mate10, which provide calibrated urban temperature data at 30 m res
olution. They also noted regional datasets like the European Joint 
Research Centre-EMO (Salamon et al., 2026). Integrating such data 
could substantially improve model realism in cities, where microcli
mates and human-modified environments strongly influence mosquito 
ecology.

Participants also stressed that biologically meaningful variables are 
often under-represented. For instance, the effects of rainfall on mosquito 
population dynamics remain poorly studied (e.g. (Alto and Juliano, 
2001; Dieng et al., 2012; Kern et al., 2026). While intuitively important, 
participants noted the complexity of interpreting rainfall effects due to 
the confounding impacts of man-made irrigation, drought, and flooding. 
Drought conditions may enhance transmission risk by increasing water 

10 https://climate.esa.int/en/supporting-the-paris-agreement/eo4urbanclima 
te/
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storage and human–mosquito contact, while excessive rainfall may flush 
larvae. These insights echoed presentations calling for the development 
of controlled laboratory experiments to better understand the impact of 
water availability on the aquatic life stages of Ae. albopictus. The impact 
of diurnal temperature range on mosquito development and biting 
behaviour was discussed, alongside the potential influence of light 
pollution on diapause. One oral presentation noted shifts in Ae. aegypti 
biting activity in Bangladesh under changing climate conditions (Bashar 
et al., 2020). Another modelling study from Emilia-Romagna showed 
improved predictive performance when using minimum daily temper
ature (Angelini et al., 2023) instead of daily mean temperature values to 
model Ae. albopictus egg dynamics. The model by Brass et al. (2024) was 
cited as exemplary for incorporating adult female size structure, this 
factor being strongly associated with arbovirus transmission risk.

Across discussions, participants cautioned against “over-modelling”, 
i.e., building increasingly complex frameworks without clear biological 
grounding or operational value (Da Re et al., 2024). Greater parsimony, 
transparent assumptions, and stringent local validation were consis
tently identified as essential for producing models that remain inter
pretable and genuinely useful for public health applications. However, 
participants repeatedly emphasised that even the most refined envi
ronmental and biological predictors cannot be meaningfully integrated 
into operational models without a strong surveillance foundation. 
Reliable fine-scale modelling ultimately depends on dense, long-term 
surveillance networks capable of capturing neighbourhood-level varia
tion and interannual dynamics of mosquito field populations. Local 
validation using extensive ovitrap datasets, such as those available in 
parts of Switzerland or the Emilia-Romagna region (Italy) (Da Re et al., 
2024), was highlighted as essential for calibrating model parameters, 
assessing predictive skill, and identifying early deviations from expected 
seasonal patterns. Without robust time series of ovitrap, adult trap, 
breeding site, and intervention data at fine spatial resolution, models 
cannot generate actionable short-term forecasts or support timely 
operational decisions.

In this sense, model development and surveillance capacity are 
mutually dependent: environmental and biological insights require 
empirical grounding, and empirical patterns gain operational value only 
when translated through well-validated models (Restif et al., 2012). 
Without robust surveillance underpinning, models cannot achieve the 
local reliability or predictive power needed for public health 
decision-making. This issue is explored further in the following section.

3.7. Quality of entomological data

The limitations described above, mismatched spatial scales and 
insufficient representation of key ecological drivers ultimately converge 
on a common constraint: the availability of robust, consistent, and long- 
term surveillance data. Participants emphasised that entomological 
surveillance is the empirical backbone of any predictive modelling effort 
and strongly shapes what models can, or cannot, achieve.

Ovitraps remain the most widely used tool for Ae. albopictus sur
veillance in Europe. These simple water-filled containers, equipped with 
a substrate for egg laying, provide cost-effective information on species 
presence, early seasonal emergence, and the timing of the first adult 
population peak, signals that are often used operationally to plan 
larvicide campaigns or anticipate nuisance peaks (Carrieri et al., 2012). 
However, participants highlighted important limitations: ovitraps offer 
only partial insight into population abundance, are sensitive to place
ment heterogeneity, and frequently lack species-level resolution, espe
cially in those areas where multiple artificial container-breeding 
mosquitoes co-occur (e.g., Ae. albopictus vs. Ae. japonicus or Ae. koreicus; 
Anicic et al., 2023). Developing protocols aimed at standardising trap 
placement, sampling frequency, and spatial coverage was seen as 
essential. The AIMSURV monitoring programme (2020–2021; Miranda 
et al., 2022) serves as a key precedent for such efforts; by specifying 
sampling levels and standardising techniques, it was successfully 

implemented by 42 European teams, suggesting that the uptake of a 
simplified set of recommendations can be widespread if sufficient effort 
is made to engage a broad network of participants.

Beyond data quality, data accessibility emerged as a major bottle
neck. Participants stressed the need for interoperable, standardised 
datasets that can be shared across institutions and modelling groups. 
While initiatives such as VectAbundance (Da Re et al., 2024), VecDyn 
(Rund et al., 2023), and VectorNet (Wint et al., 2023) are vital for 
harmonizing entomological abundance data and training correlative 
models, a critical requirement is the availability of high-quality trait-
based frameworks necessary to inform mechanistic models. Developing 
these frameworks hinges on experimentally derived vector trait data, 
such as development rates and longevity, that capture biological 
mechanisms underpinning transmission. However, the reliability of 
these models is often hampered by inconsistent terminology and insuf
ficient detail in data sharing, which leads to information loss and pro
hibits analytical comprehensiveness across studies. To address this, 
emerging standards such as MIReVTD (Minimum Information for 
Reporting Vector Trait Data; Ryan et al., 2025) provide essential 
reporting checklists that balance completeness with ease of use for data 
generators. By adopting such standards, biological data from re
positories like VecTraits (Johnson et al., 2023) and specific datasets such 
as AedesTraits (Da Re et al., 2025a) can be more effectively integrated 
with the longitudinal abundance data provided by the aforementioned 
initiatives. This alignment between data infrastructure and reporting 
standards allows for the robust calibration of mechanistic models 
grounded in high-quality, reusable evidence rather than fragmented 
observations.

The discussion also highlighted the example of VectorBase 
(Giraldo-Calderón et al., 2015), historically one of the primary bio
informatic resources for vector genomics and phenotypic datasets of 
disease vectors. As pointed out in Section 3.3, long-term sustainability is 
essential also for data storage and accessibility. VectorBase’s recent 
funding instability (Christophides, 2024) underscored the vulnerability 
of large data platforms that rely on short-term grants rather than 
structural public-health funding.

In countries without regular endemic transmission, including Italy, 
surveillance of Aedes species remains recommended but not mandated, 
and implementation is highly variable. Under the PNA 2020–2025, 
hotspot-focused monitoring using ovitraps and/or BG-Sentinel traps is 
encouraged, but municipalities face substantial logistical and economic 
barriers. In settings without viral circulation, Ae. albopictus is often 
perceived primarily as a biting nuisance species, limiting investment in 
maintaining a permanent monitoring system.

Participants also discussed the expanding role of citizen science (CS). 
Platforms such as Mosquito Alert (Spain) (Palmer et al., 2017), Zanza
Mapp (Italy) (Caputo et al., 2020), and Mückenatlas (Germany) 
(Walther and Kampen, 2017) have broadened spatial coverage and 
proved valuable for public engagement and early detection, particularly 
of new invasive species outside formal surveillance zones (Eritja et al., 
2019). However, participants stressed significant challenges for pre
dictive modelling: CS data are subject to strong sampling biases (pop
ulation density and structure, smartphone access, user engagement), 
variable temporal resolution, and often incomplete metadata. Without 
rigorous data cleaning, bias detection and correction (Padilla-Pozo et al., 
2024), and expert verification, such datasets risk propagating errors into 
model calibration or validation. As one public health expert remarked, 
“You can collect a lot through citizen science, but turning it into something 
predictive and reliable is a completely different task.”

Across the workshop, there was strong consensus that sustained in
vestment in high-quality, harmonised surveillance/monitoring net
works is indispensable. Without reliable, long-term, and spatially 
resolved entomological data, efforts to develop fine-scale models, 
incorporate urban predictors, or build operational early warning sys
tems will remain severely constrained. It is important to encourage 
sharing both input data and model outputs, to make sure that data 
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providers get some advantage from sharing their data, and to ensure that 
analyses are transboundary wherever possible.

4. Conclusions

Aligning with recent assessments by Brown et al. (2025) and Sedda 
et al. (2025), our workshop highlights a persistent "implementation 
gap": the difficulty of transforming high-potential predictive models into 
timely, trusted, and operationally relevant tools. Findings suggest the 
field needs a shift from a "supply-driven" scientific approach to a 
"demand-driven" operational framework (Box 2) built on the following 
four pillars. 

1. Structural alignment

As remarked also by Sedda et al. (2025), the lack of centralised 
guidelines and the structural differences between agencies create sig
nificant uncertainty for public health managers. To be effective, models 
must be adapted to the local or more extensive scales where in
terventions take place, ensuring that the information meets the needs of 
the end-users, also known as operational salience (Cash et al., 2003; 
Jebeile, 2024).

Efforts to make predictive models more accessible and operationally 

relevant inevitably trigger a “cascade of uncertainty” (Wilby and Dessai, 
2010). This uncertainty must be explicitly acknowledged and managed 
through transparent communication and close engagement with end 
users instead of being seen as a limitation. At the same time, improving 
operational usability requires greater attention to the form in which 
model outputs are delivered. Simplifying outputs and converging on a 
limited set of shared, decision-facing metrics would allow diverse 
modelling approaches to contribute coherently to public health imple
mentation (e.g. season onset, peak, and offset for mosquitoes). Explicitly 
articulating what quantitative information different models provide, 
and how these outputs can support surveillance, is therefore essential for 
ensuring their practical value. 

2. Collaborative data infrastructure

The advancement of epidemic intelligence relies on the modernisa
tion of data infrastructures that support modelling, surveillance, and 
decision-making. As highlighted by van Kleef et al. (2025), this requires 
coordinated progress across several dimensions: 

• Common data standards, to ensure interoperability and compara
bility across datasets, models, and jurisdictions;

• Open science practices, fostering shared code, transparent work
flows, and rapid validation; and

• Capacity building, to address the limited resources and modelling 
capabilities that continue to constrain many local PHAs (Sedda et al., 
2025).

3. Strengthening the empirical basis

Models must incorporate biologically meaningful drivers that are 
currently underrepresented, such as microclimatic heterogeneity, and 
mosquito age structure. Equally important is that stakeholder-driven 
questions are framed in biologically plausible terms, so that opera
tional needs align with ecological and entomological realities. Consoli
dating this knowledge through systematic reviews and targeted 
experimental studies is therefore a priority to ensure that integrated 
surveillance is built on robust empirical evidence. 

4. Multisectoral integration

Modelling is as much a social and political process as a mathematical 
one. Moving beyond the “extractive” forms of engagement described by 
Leach and Scoones (2013) therefore, requires the adoption of multi
sectoral approaches. As defined by the World Health Organization 
(2020) and reaffirmed for vector-borne disease prevention by Nunes 
et al. (2025), Multisectoral Approaches recognise that effective action 
depends on coordinated engagement across health, environmental, and 
planning sectors. This entails breaking down traditional silos by 
involving interconnected actors such as ecologists, environmental 
management authorities, and urban planners. At the same time, effec
tive collaboration places new demands on modellers, who must develop 
the communication and engagement skills needed to work productively 
with public health professionals (Sedda et al., 2025). Finally, integration 
requires institutional frameworks that support co-production and embed 
modelling tools within existing decision-making processes, as proposed 
by Díaz et al. (2024).

Ultimately, technical sophistication is insufficient without institu
tional legitimacy and political coordination. Effective surveillance and 
control require strong organisational bases and a clear recognition of the 
value of community engagement. Surveillance and modelling must 
evolve in tandem: the former provides the empirical foundation, while 
the latter offers the foresight needed for proactive health protection. By 
placing sustained multisectoral collaboration at the centre, the model
ling community can transform theoretical insights into real-world 
interventions.

Box 2 
Perspective and future engagement.

Theme Key Messages

Implementation, Governance 
& Co-Production

• Cross-sectoral collaboration is essential across 
modelling, entomology, public health, and 
affected communities.

• Co-production, not isolated consultation, is the 
basis of trusted, usable modelling.

• Models must align with institutional decision 
cycles (e.g., seasonal planning, weekly vector 
control rounds).

• Public-facing outputs must communicate 
information, not raw data, and be aligned with 
community needs and perceptions.

• Modellers should invest in the competencies 
required to engage public health stakeholders 
effectively throughout the modelling process.

Infrastructure & Platforms • A centralised, sustained, open platform is 
essential for hosting models, surveillance data, 
model training, and documentation.

• VEClim, VectorNet, and the Vector Modelling 
Workshop portals should be expanded and 
linked.

• Long-term sustainability requires stable 
governance, recurrent funding, and institutional 
ownership (not short-term research grants).

Science & Evidence-based 
Practice

• Key drivers need better representation: urban 
microclimates, fine-scale hydrology, behavioural 
ecology, vegetation structure, and control 
operations.

• Evidence for biologically meaningful predictors is 
fragmented; systematic reviews, meta-analyses, 
and targeted experiments are required.

• Model outputs must reflect user needs: 
neighbourhood-scale granularity, short (1–4 
week) lead times, and clear, actionable 
indicators.

• Avoid over-modelling—prioritise parsimony, 
interpretability, and biological realism.

Surveillance & Data Quality • Surveillance remains the limiting factor for model 
development, calibration, and validation.

• Dense, long-term, harmonised datasets are 
essential for neighbourhood-level analyses and 
interannual variability.

• Models and surveillance are mutually dependent: 
surveillance provides empirical grounding, 
models give surveillance operational meaning.

• Field validation and data quality assurance are 
critical before informing interventions.
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It should also be noted that the priorities identified here primarily 
reflect the perspectives of experts operating in non-endemic, temperate 
European settings, where the central challenge is not forecasting 
outbreak intensity from regular seasonal transmission, but rather 
detecting and anticipating the establishment and spread of an invasive 
vector, and guiding the timing of control interventions based on vector 
seasonal dynamics. Transferring these priorities to endemic settings in 
which Ae. aegypti and Ae. albopictus co-occur and surveillance infra
structure may differ substantially, would therefore require careful 
adaptation. Moreover, outbreak forecasting in non-endemic settings 
faces a distinct and additional challenge: autochthonous transmission 
events have historically been rare and sporadic, meaning that models 
cannot yet be trained and validated on long time series of local out
breaks. Retrospective analysis of dengue and chikungunya transmission 
in Italy from 2006 to 2023 identified only six local outbreaks, with both 
their timing and location driven primarily by the incidental importation 
of viraemic cases rather than by spatially heterogeneous local trans
mission risk (Menegale et al., 2025). This implies that many areas with 
similar ecological suitability remain undetected as potential outbreak 
sites simply because importation has not yet occurred there.

Nonetheless, bottom-up co-development approaches applied in 
endemic regions, such as those documented by Stewart-Ibarra et al. 
(2019, 2022) in the Caribbean, reveal a partially overlapping set of 
structural challenges: stakeholders similarly identified fragmented 
communication between climate scientists, modellers, and public health 
stakeholders, and stressed the need for co-learning and sustained part
nerships across institutional and disciplinary silos. This comparison 
suggests that while the barriers to model co-development may be 
broadly shared, the specific modelling needs, data requirements, and 
decision timescales are highly context-dependent and should be defined 
locally.
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Rombolà, P., Romiti, F., Stancher, G., Torina, A., Velo, E., Virgillito, C., Zandonai, F., 
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Effectiveness of Ultra-Low Volume insecticide spraying to prevent dengue in a non- 
endemic metropolitan area of Brazil. PLOS Comput. Biol. 15, e1006831. https://doi. 
org/10.1371/journal.pcbi.1006831.

Marini, G., Manica, M., Arnoldi, D., Inama, E., Rosà, R., Rizzoli, A., 2020. Influence of 
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Petrinic, S., Răileanu, C., Ries, C., Rogozi, E., Ruiz-Arrondo, I., Sanpera-Calbet, I., 
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